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Introduction
Lawrence Livermore National Laboratory (LLNL) (Figure 1 ) at Kwajalein and LLNL has supported scoring, recovery operations of RV materials, and assessments of the environmental and health impacts of associated materials in the targeted area. 
Background
An environmental Assessment (EA) was written at the beginning of the program to assess potential impact of DU and Be, the major RV materials of interest from a health and environmental perspective (Robison and Shinn, 1988) , if land impact should occur. A more extensive EA was written in 1992 (Robison and Cederwall, 1992) . Periodic reports have been submitted by LLNL over the years to USAKA and RTS range commanders detailing the Uranium (U) and Be concentrations in soil and air at Illeginni Island as a result of land impacts (Robison and Shinn, 1990; Robison, 1992) . Moreover, letters have been submitted after each mission to the USAKA commanding officer and Range Operations commander describing whether or not there was a land impact. If there was a land impact then recovery operations were begun to look for classified components and air samplers were deployed to determine the total concentration of U (DU plus natural U) and Be in air. Surface soil samples were also collected and analyzed for U (DU plus natural U) and Be. These data were sent to the USAKA commanding officer and range command personnel. Recently, the USAF completed a thorough, updated EA (USAF, 2004) that included LLNL data previously supplied to USAKA.
Although DU is radioactive (much less so than natural U) it is not a radiological health concern but a toxicity health concern (Keith et al., 1999; Durante and Pugliese, 2002, Bleise et al., 2003; Assimakopoulos, 2003; Meinrath et al., 2003; Mc Diarmid et al., 2004) . The chemical and structural form of the DU and Be in RVs is such that they are insoluble in soil water and sea water. Thus, they are not toxic to plant life on the island (no soil to plant uptake). A good demonstration is the flourishing plant life on the island where DU and Be have been deposited. Concentrations of soluble Be in soil have to exceed about 2 μg g -1 for plants to start showing toxic effects (see review by Shinn et al., 1988) . As a result of the lack of uptake of Be and U by plants on Illeginni, there is no exposure to humans from the ingestion pathway from consumption of coconuts, Pandanus fruit, or other food crops. Similarly, due to insolubility of the two materials in sea water there is no uptake of either element by marine biota including fish, mollusks, shellfish, and sea mammals.. If either material were even slightly soluble in sea water the soluble ions would rapidly mix with the worlds oceans and be indistinguishable from the natural concentration of 3 mg L -1 for U and 6 ng L -1 for Be in sea water (McWright, 1996) . No increase in either element has been observed in sea life around Illeginni Island where deposition of DU and Be has occurred (Robison et al., 2005) . As a result, there is no impact on marine flora and fauna and there would be no exposure to humans from ingestion of marine foods.
When RVs impact on land, particles of DU and Be are dispersed on the soil surface over small areas of the island. Some amounts of both materials are also deposited deeper in the soil within the crater produced by RV land impact. Inhalation of DU and Be is considered the critical pathway for exposure to these materials distributed on the ground surface (Bleise et al., 2003; Keith et al., 1999) . Leaching into a drinking water supply can also be an issue for some U and Be compounds but because of the chemical and structural form of the U and Be on Illeginni, and the lack of a fresh water supply (i.e., the ground water is saline and non-potable), inhalation is the critical route of exposure.
Thus, DU and Be in surface soil provide a potential source of exposure to people via inhalation if the materials, as a result of wind-driven processes, are re-suspended from the soil surface. U.S. federal guidelines for U and Be are all for concentrations in air. 850, 1999) and are updated to concur with any OSHA changes. The Nuclear Regulatory Commission (NRC)/EPA guideline for U for the general public is 0.18 μg m -3 in air (10 CFR part 20, Appendix B, 2003) .
In this report, data for Be and U in air at Illeginni Island will be compared to the more restrictive general public guidelines.
Methods
Soils samples
Because re-suspension of U and Be from surface soil is of primary concern, soil samples were collected in August 2005 from 0 to 5 cm depth at various grid locations that comprised the deposition area for a given mission ( Figure 2 ). Soil samples were collected by digging a small trench about 40 cm long by 20 cm wide by 15 cm deep. A stainless steel tool, 15 cm by 15 cm by 5 cm, was used to collect each 5-cm soil sample; it was washed between sample collections to avoid any contamination from the previously collected sample. Each sample was put into a clean plastic bag, sealed, labeled, and shipped to LLNL for processing and analysis of U and Be.
Four soil profiles (0-5 cm, 5-10 cm, 10-15 cm, and 15-20 cm) were also collected to determine the depth distribution of U and Be in soil in the area of deposition. These samples were collected in a similar manner as the 0-5 cm samples except a backhoe was used to dig a deeper and wider trench so that incremental profile samples could easily be collected without worrying about contamination of deeper samples from above layers of soil. Coordinates (X axis first, Y axis second) of soil profile samples are 06, 05; 05.5, 05.5; 04.5, 05.5; and 05.5, 05.5. The location can be determined using Figure 3 . Bulk soils were prepared for chemical analysis by placing them in metal cans and drying them to constant weight in large convection ovens. Lids were placed on the cans and the dried material homogenized for 24-h by agitation on a rolling mill. Large chunks of hard coral soil and pebbles were removed prior to sample analysis by sieving samples through a 16-mesh (1.6 mm) NBS screen.
Chemical analysis of soil samples was performed on 1-g aliquots of sample matrix placed in acid leached polypropylene digestion vessels along with 20 g of concentrated nitric acid and hydrogen peroxide mixture. Dissolution of sediment samples was completed by treating any residue with a combination of nitric and hydrofluoric acid. All samples were then evaporated to near dryness, re-hydrated in 2% ultra-pure nitric acid, filtered through a 0.45 mm syringe-filter and diluted to a constant volume.
Appropriate gravimetric dilutions were then prepared for chemical analysis by serial dilution of the stock digest.
Uranium and Be were measured by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) with addition of 1 ppm of lithium-6 ( 6 Li) (for Be analysis) and 1 ppb of uranium-233 ( 233 U) (for U analysis) as internal standard. Control samples included blanks and approximately 10% of blind replicates prepared from the stock digest. A series of MAPEP (Mixed Analyte Performance Evaluation Program, an analytical performance testing program run by DOE), inter-comparison soils were also prepared and analyzed as quality control samples for the Be and U analyses.
Suspended Surface-Soil Samples (Air Filter Samples)
Concentration of U and Be in air were determined using high-volume air samplers running at approximately 60 m 3 h -1 (2100 ft 3 h -1 ) for a period of 30 to 40 days. The samplers are designed to collect the total suspended solids. There is no cut off at 10 to 20 μm particle size that is the upper limit for particles that can be inhaled and deposited in the deep lung.
Consequently, data for concentrations of soil in air in this report overestimate the respirable component that could reach the lung. Filters were exchanged after 2 weeks of continuous running to avoid overloading the filters. The amount of air passed through each Whatman 41 cellulose filter ranged from 10,000 to 22,000 m 3 (350,000 to 777,000 ft 3 ). The total amount of air filtered over the 40-day sampling program was about 232,000 m 3 (8,180,000 ft 3 ). Average TSP (total suspended particles) in air based on analysis of the filters was 54 mg m -3 . The filters were each dried (at 80° C) and weighed then placed in a plastic bag that is sealed prior to transport to the field. The clean filters are placed in air samplers using surgeon gloves to avoid contamination of the filter. At the end of the sampling period, filters are collected, again using surgeon gloves, and placed in clean plastic bags for transport to LLNL.
Upon return to LLNL the filters were dried, weighed, dry-ashed and then analyzed for U and Be. The ashing process starts at 100° C increasing by 100° C increments for 3 days to 400° C. They are held at 400° C for 48 h at which time the ashed sample is allowed to slowly cool to room temperature. The ashed sample is then weighed.
Dissolution and preparation for U and Be analysis of the ashed samples is the same as that described above for soils.
Results
Cumulative effects of the test program from 1990 to 2006 are presented in this report. Tests that produced some deposition of U and Be on Illeginni Island were GT02, 1990; GT10, 1992; GT17, 1995; GT22, 1996, and GT32, 2003 . Impact locations on or near Illeginni Island and the normal wind direction are shown in Figure 2 . Results for mean and median concentrations of U and Be in surface soils in deposition areas on Illeginni Island are listed in Table 1 along with standard deviations and standard errors. The U median value is 6.5 μg g -1 and for Be 0.22 μg g -1 .
These results are based on 105 samples collected in the deposition area of the island (Figure 3 ). U concentration is listed on top and Be concentration on the bottom at each soil sampling point (black dots). An additional 12 samples were obtained in the process of collecting four soil profiles. Concentration of U and Be outside the area represented by data shown in Figure 3 is essentially at the natural background concentration of U and Be in coral soil, 1.6 mg g -1 and < 0.002 mg g -1 , respectively (Robison et al., 2005) .
Distribution with soil depth of U and Be in four soil profiles in the Illeginni deposition area is shown in Figures 4 and 5, respectively. There is a definite decline in concentration with depth and the concentration approaches background levels below 10-15 cm with one exception for each element. The U and Be concentration in each soil sample and replicate sample are listed in Appendix A along with coordinate positions shown in Figure 3 .
As discussed above, the most important data refer to the concentration of U and Be in air because inhalation of U and Be is the critical exposure pathway. Results of the concentration of U and Be in air downwind of the deposition area at Illeginni as a function of time (missions) are shown in Figure  6 . Concentration of both elements in air over the entire test period is about a factor of 10,000 lower than the most restrictive guideline for the general public. Uranium concentrations in air are also lower by factors of 10 to 100 than concentrations of U in air in the U.S. measured by the EPA (Keith et al., 1999) . U and Be concentrations in air downwind of the deposition areas on Illeginni Island are essentially indistinguishable from natural background concentrations of U in air at the atolls. 
Discussion
DU and Be from the missile flight test program is deposited over a small section of land on Illeginni Island near the helipad at the northwest end of the island (compare Figure 2 deposition area around the helipad with Figure 1 showing the entire island). Concentrations of U and Be in air downwind of the deposition area are lower by a factor of 10,000 than the most restrictive U.S. federal guideline for the general public. Even so, the amount of re-suspended particulates containing U and Be can be expected to further decrease as vegetation redevelops in the deposition area reducing the amount of wind-driven re-suspended particulates from soil surface.
Moreover, air samplers used to collect re-suspended soil particulates to measure the U and Be concentrations are designed to collect total suspended particulates (TSP). This means particle sizes up to 50 μm or more are collected. The particle size upper limit for entering the deep lung where U and Be could be lodged or transferred to the blood is between 10 and 20 μm. Thus, TSP we measure on our filters is really an overestimate of what can really be deposited in the deep lung and any U or Be attached to such particles would not be transferred to the blood stream. Consequently, concentrations of U and Be shown in Figure 6 are very conservation.
Analysis of soil profile samples for U and Be show some distribution with depth from 1990 to 2006. Some of the distribution below the top 5 cm of soil could be due to mechanical disturbance between successive missions. But rainfall, flooding, and general weathering processes can also distribute fine particles of U and Be, or fine soil particles containing DU and Be, deeper into the soil profile. In either case, the amount of DU-Be-containing particles of respirable size in surface soil will likely decrease somewhat with time due to both processes.
There are guidelines in the U.S. for U in drinking water but they are in the mg L -1 range. Any DU or Be that might possibly be transported to the Illeginni ground water that is about 3 m below the ground surface would be in the ng L -1 or pg L -1 range (1 million to 1 billion times lower than the drinking water standards). Furthermore, the ground water at the northwest end of the island where DU and Be deposition occurred is saline and not potable. If some DU and Be should reach the ground water on Illeginni in soluble form it will communicate with the ocean waters and be indistinguishable from world wide background concentrations of U and Be in the ocean.
Concentration of DU and Be is at background concentrations at gridline 9 and 10 on the X axis up to gridline 6 on the Y axis in Figure 3 . The rest of the island to the right of gridline 10 on the X axis (down the road leading to the rest of the island) has background concentrations of U and Be in the soil. To the left of gridline 1 on the X axis (not shown on Figure 3 ) the U and Be concentrations in soil are essentially at background concentrations. Thus, data displayed in Figure 3 does define the contaminated portion of Ileginni Island.
The larger quantities of DU and Be deposited in the ocean have no significant impact on marine flora and fauna nor on humans as a result of their insolubility in sea water as described in the Background section of this paper. 
Conclusion
The critical route of exposure for U and Be at Illeginni Island is inhalation as these two materials are distributed on the soil surface. Measured concentrations of U and Be in air down wind of the deposition area are lower by a factor of 10,000 than the most restrictive U.S. federal guidelines for the general public. Also, concentrations of U in air at Illeginni are less by a factor of 10 to 100 than U concentrations in air in the U.S. measured by the EPA (Keith et al., 1999) and they are indistinguishable from natural background concentrations of U and Be in air at the atolls. Thus, there are no health related issues associated with people using the island.
Concentrations of U and Be in soil in the relatively small deposition areas of the island do exceed the natural background concentrations in coral atoll soils. But because of the chemical and structural form of U and Be in the RVs they are insoluble in sea water and ground water. Thus, as described in this paper, there is neither an effect on island plants or animals nor on the marine flora and fauna as a result of the missile flight tests. 
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